We use a time-domain analysis method to characterize the outer layer of a multilayer structure regardless of the inner ones, thus simplifying the characterization of all the layers. We combine this method with THz reflection spectroscopy to detect nondestructively a hidden aluminum oxide layer under opaque paint and to measure its conductivity and high-frequency dielectric constant in the THz range.
I. INTRODUCTION
In recent years with the advent of powerful fs lasers and new optoelectronic techniques, great progress has been made in the field of THz ͑10
12 Hz͒ radiation and THz spectroscopy. New generation and detection [1] [2] [3] techniques and various applications 4 -7 have been developed. One such technique, described in Refs. 1 and 2, is the pump-probe method where a laser pulse is split, and one beam activates the source while the other, through an optical delay line, activates the detector. The accuracy with which we can control the delay between the pulses and the short carrier lifetime 8 in the detector enables high-resolution time-resolved measurements of the THz pulses.
Although various studies of THz spectroscopy implement time-domain analysis, [9] [10] [11] most of the analysis is done in the frequency domain. When dealing with THz reflection spectroscopy this can be a powerful tool. A reflection from a multilayered sample can be analyzed to give information, mainly electrical properties and thickness, about the layers. For example, thin ͑ϳ15 m͒ epitaxial layers on silicon substrates were characterized using this method. 12 This kind of analysis is usually done by assuming a structure of the multilayer assembly and running a computer code to find the best fit for the reflection with varying structure parameters. For a multilayered structure this kind of analysis can be very demanding in time and computation force. The computation time can be dramatically reduced when each layer is analyzed separately in the time domain. The disadvantage in this case is that the fit is done on ''smooth'' functions, instead of utilizing the peculiar shape of the reflection function in the frequency domain that makes the fit accurate ͑these features are due to interference patterns and are further discussed later on͒. An additional disadvantage is that the outer layer thickness must be known in advance. When the reflections are well separated in time 11 the individual analysis of each layer does not require a special effort.
Furthermore, for complex structures such as integrated circuits ͑ICs͒ the information carried out by the THz reflection from the inner layers is spatially mixed and requires an enormous effort to be interpreted. However, time-domain analysis of reflected THz pulses enables us to investigate the outer layer ͑layers͒ regardless of the properties of the inner ones, due to the fact that the radiation reflected from those layers arrives at our detector first. This feature is very important in applications in which the inner assembly generates ''noisy'' reflections.
In this article we present the time-domain analysis method and compare it to the frequency-domain one. As an example for its use we show a nondestructive method of detecting and characterizing corrosion under paint, namely, a thin aluminum oxide layer over an aluminum substrate ͑cov-ered by opaque paint͒. We analyze each layer at a time; the paint layer is analyzed first and the results are used to calculate the frequency dependent dielectric function of the oxide layer. The surface between the aluminum and the oxide layer is uneven and not well-defined causing a noisy reflection, rendering it difficult to analyze in the frequency domain. The relatively poor quality of the spectral data ͑compared to the temporal͒ can be seen by comparing Figs. 2͑a͒ and 4.
Early detection of thin hidden corrosion layers with good spatial resolution is of great importance to the aviation industry. Various method have been explored ranging from x-ray, visible and near-infrared radiation, microwave, ultrasonic, and others. 13 The method described in Ref. 13 is very simple and has the advantage of high spatial resolution and the ability to detect thin layers. Detection using THz radiation can have high resolution ͑ϳ1 mm͒ and can be used wherever the covering layers are not transparent to visible and infrared radiation, as is the case in Ref. 13 .
II. EXPERIMENTAL SETUP
The measurement setup of the experiment is a ''pump and probe'' system-the pump beam ͑50% of a 40 mW 100 fs laser at 82 MHz repetition rate͒ is focused on a positively biased coplanar gold-on-GaAs transmission line, creating the THz pulses. These pulses are directed to and reflected from a 100% mirror ͑for a reference pulse͒ or from a sample, and then focused onto the detector ͑as seen in the experimental setup in Fig. 1͒ . A silicon lens and parabolic mirror collimate the beam and make it parallel at the sample. The pulses are probed when the other half of the laser beam is focused on the gap of a dipole antenna fabricated on a silicon-onsapphire chip, opening it for a short period of time ͑ϳ1 ps; see Ref. 8͒ . The optical distance of the probing beam is changed relative to the pumping beam in order to attain a high-resolution temporal measurement of the THz pulse. A lock-in amplifier measures the current passing through the detector, which is proportional to the electric field on the detector at the time of its opening. The current is plotted against the delay of the probing beam in order to capture the electric field of the THz pulse in the dimension of its progression.
III. RESULTS AND DISCUSSION
Using the Fourier transform of the temporal data, we can calculate the reflection coefficient for each frequency ͓R()͔ using the following relation ͑assuming the antenna's response is linear͒:
where I() is the Fourier component at angular frequency of the measured current across the antenna, E() is the Fourier component of the electric field present on the antenna at the time of opening ͓subscript i represents the incident ͑ref-erence͒ pulse, and r represents a pulse reflected from a sample͔. A() is an arbitrary antenna response in the frequency domain. The reflection coefficient of a three-layer medium ͓namely, air͑1͒-paint͑2͒-aluminum͑3͔͒ can be written as a function of the two-layer reflection coefficients 14 :
where ␤ is the phase accumulated in one trip across layer 2. Our sample was a 2-mm-thick polished disk of aluminum. The polished side was covered with a 130-m-thick layer of standard black spray paint. Later on the paint was removed, an aluminum oxide layer of approximately 50 m was grown on the aluminum disk, and then a new paint layer was added to cover the oxide layer. The absolute values of R() are shown in Fig. 2͑a͒ for a pulse reflected from ͑1͒ paint covered aluminum ͑squares͒, ͑2͒ aluminum with a 50 m oxide layer covered by a 150 m paint layer ͑crosses͒, and ͑3͒ a similar sample with a 200 m paint layer ͑tri-angles͒. The oxide layer clearly changes the frequency dependent reflection coefficient. The reflection function of the paint-aluminum sample ͓squares in Fig. 2͑a͔͒ has no wavelength at which it is significantly smaller than 1, but the creation of aluminum oxide between the paint and aluminum changes R 23 such that we can see low reflectivity in the THz range ͓see crosses and triangles in Fig. 2͑a͒ for paint layers of different thickness͔. In Fig. 2͑b͒ we can see the temporal difference between the different samples and the reference pulse, though here the reasons for the differences are less obvious.
Time-domain analysis. The time-domain analysis of the data is as follows. The reflection coefficient is defined in the frequency domain ͓Eq. ͑2͔͒. We can calculate a theoretical reflected pulse, denoted I th (t), using the following Fourier transform:
where I i () is the Fourier component of the current induced by the incident pulse and R th () is the theoretical reflection function. In order to disregard the inner layers we use a two-layer model for R th (), and compare the theoretical pulse with the measured one up to the point in time at which the reflection from the backsurface of the first layer ͑layer 2͒ arrives at the detector. The delay between the reflections can be written as ⌬tϭ2nd/c cos , where n and d are the real part of the refractive index and the thickness of the layer, respectively, c is the vacuum speed of light, and is the angle of incidence. In order to show the equivalence of the time-and frequency-domain methods we calculated the refractive index of the paint when placed on a smooth glass substrate. The paint layer was 75 m thick and the substrate was thick enough so that the reflection from its backsurface was well separated in time from the pulse reflected from the air-paint and paint-glass surfaces. The frequency-domain calculation using a three-layer model ͑air-paint-glass͒ is shown in Fig.  3͑a͒ , and the time-domain calculation is shown in Fig. 3͑b͒ . In both cases the fit is done only on the refractive index of the paint, which is assumed constant and real. For the frequency-domain calculations the refractive index of glass for the THz range, measured previously, was given. We present the time-domain data in microns in order to relate to the thickness of our various samples. The inset shows the range in which the measured and calculated pulses overlap. This range agrees with the known thickness of the paint layer, the refractive index of ϳ1.9Ϯ0.2, and a 20°angle of incidence of the THz pulses on the sample. A time-domain analysis of the paint-covered aluminum samples ͑not presented here͒ gave the same results for the refractive index of the paint.
The refractive index of the paint was then used to calculate the complex dielectric function of the aluminum oxide layer, given by
where ⑀ 0 is the vacuum permeability, is the radial frequency, and ⑀ ϱ and are the high-frequency dielectric coefficient and the frequency-independent conductivity of the oxide layer, respectively. The latter were obtained by fitting the data to this model. In order to obtain the best fits we allowed a relative shift between the sample and mirror of up to 120 m due to the ruggedness of our sample. The temporal data ͑circles͒ and the calculation ͑solid line͒ of a sample with a 200 m paint-layer sample over a 50 m aluminum oxide layer are shown in Fig. 4 . The range on which the comparison was done began at a delay of 10 400 m, and was updated automatically according to the refractive index of the layer. Since the refractive index was frequency dependent, the minimum over our frequency range was taken. The range over which the calculated pulse overlaps with the measured one corresponds to the known thickness of the layers, their refractive indices, and the incidence angle. The conductivity was found to be ϳ2.5/⍀ cm and the high-frequency dielectric coefficient ϳ5.4. A 20% error is associated with these results, mainly due to the relatively small signal-to-noise ratio and the unevenness of the oxide layer. However, we must note that these values do not necessarily represent accurate data for aluminum oxide, since the layer may not be uniformly oxidized and the measurement is an average over the ϳ1 cm THz beam diameter.
IV CONCLUSION
In conclusion, we have shown the equivalence of the time-and frequency-domain analysis methods and the importance of the former method in characterizing thin multilayered samples efficiently. We have also demonstrated a simple and straightforward method of nondestructively detecting an oxide layer developing on paint-covered metals. The limits of the time-domain method in terms of accuracy and layer thickness are similar to the frequency-domain analysis; 15 increasing the resolution does not help at some point and one must increase the bandwidth of the radiation in order to include interference features in the reflection function. In the time domain this results in sharper features in the pulse, making the fits more accurate for the same number of data points.
